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Abstract 
In this paper, the characterization of contact surface damage due to fretting in a press-fitted shaft below the fretting fatigue limit 
is proposed by experimental methods. A series of fatigue tests and interrupted fatigue tests on the small scale press-fitted 
specimen were carried out by using rotating bending fatigue test machine. Macroscopic and microscopic characteristics were 
examined using scanning electron microscope (SEM), optical microscope or profilometer. It is found that fretting fatigue cracks
were initiated even under the fatigue limit on press-fitted shafts by the fretting. The fatigue cracks of press-fitted shafts were 
initiated from the edge of contact surface and propagated inward in semi-elliptical shape. Furthermore, the fretting wear rates at 
the contact edge are increased rapidly at the initial stage of total fatigue life. After steep increasing, the increase of wear rate is 
nearly constant under the load condition below the fretting fatigue limit. It is thus suggested that the fretting wear must be 
considered on the fatigue life evaluation because the fatigue crack nucleation and propagation process is strongly related to the 
evolution of surface profile by fretting wear in the press-fitted structures. 
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1. Introduction 
At the contact edge of a press-fitted shaft with a hub such as railway axles or couplings in mechanical structure, 
fretting takes place which reduces fatigue strength. Since the railway axles are one of the most important mechanical 
elements in railway vehicles for safety, many studies have been conducted to investigate the fretting damage of 
press-fitted shafts [1].  
Most of the railway axles are designed to endure 108 or more load cycles without failure. In addition, regular non-
destructive tests are performed to detect the fatigue crack which may occur at the fitting part. In most cases, the 
dynamic stress applied to axles during operation is below the fatigue limit. However, because the fatigue crack can 
be takes place under the fatigue limit in railway axles, it is required to understand the characteristics of the fretting 
fatigue and fretting wear below the fatigue limit to secure the safety of railway axles.  
Shirai et al. [2] conducted fretting fatigue tests up to 109 load cycles to investigate the influence of the stress 
ratio, and the initiation and propagation of the fretting fatigue crack in ultra-high cycle regime. They reported that 
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the conventional fretting fatigue strength defined by 107 cycles is still effective up to 109 cycles. Kubota et al. [3] 
conducted rotating bending fatigue tests with press-fitted shafts under two-step loading to investigate the behavior of 
fretting fatigue crack under fatigue limit. The result showed that the Modified Miner Rule does not apply to the 
fretting fatigue and the initiation of the fretting fatigue cracks is concerned with the balance between the crack 
nucleation, fretting wear and the stress condition. Kondo et al. [4] performed a study on the mechanism of fatigue 
limit to confirm whether the fatigue limit exists in fretting fatigue or not, by conducting a fretting fatigue test up to 
109 cycles. As shown in previous research, most of the studies on the behavior of crack initiation under fatigue limit 
have been focused on the initiation and propagation of cracks. However, fretting fatigue cracks in most cases are 
associated with fretting wear which play a great role in the initiation and propagation life of the fatigue crack [5]. 
Therefore, the behaviors of the fretting wear at the contact surface need to be clarified to reveal the initiation and 
propagation mechanism of the cracks under fatigue limit.  
This paper deals with the fatigue crack initiation and wear characteristics below the fretting fatigue limit of press-
fitted shafts. The fretting fatigue tests were conducted with small scale press-fitted specimens using a rotating 
bending fatigue test machine. The specimens were removed at preset number of cycle to examine the fretting 
damage on the contact surface. The fatigue cracks and the evolution of the contact surface profiles induced by 
fretting wear according to the fretting damage cycles were investigated. 
2. Fretting Fatigue Test 
2.1.  Test specimens and their materials  
The press-fitted specimen was a rotating bending fatigue test specimen consisted of a shaft 210 mm length and 16 
mm diameter press-fitted with a hub 30 mm width and 40 mm outer diameter. The press-fitting tolerance was set to 
approximately 80~100 MPa of Lamé's nominal contact pressure [6] at the 30 mm of outer diameter of the hub, 
whose inner contact edge was chamfered to avoid stress concentration. The design, mechanical properties, chemical 
composition and surface hardness were same as those in the previous study [7].  
2.2. Experiment and analysis method  
In the fatigue test, the specimens were applied with constant, cyclic bending stress to the fitting part using a 4-
point load-type rotating-bending fatigue tester, at room temperature. The test was carried out to 2×107 cycles 
considering the research result [4] that the micro cracks, generated by the fretting fatigue below the fatigue limit on 
a contact surface are non-propagating cracks above 1.5×107 cycles. The test loads were 90% and 70% of 130 MPa 
which was the fretting fatigue limit of the press-fitted shaft under 1×107 cycles. The loads can be expressed with 
parameter Ȝ (=˰ 0/p0), which is the ratio of nominal bending stress (˰ 0) to nominal contact pressure (p0 ล  90 MPa).
In each loading cases, the specimen was applied with fatigue loads (2.5, 10, 25, and 50% cycles of total life) with 
reference to the final test cycle, taken off from the tester and analyzed for fretting damage according to the fatigue 
cycle. Fig. 1 presents the S-N curve and experimental conditions below the fretting fatigue limit of a press-fitted 
shaft. Because the fretting damage of a press-fitted part usually occurs at the inner side of contact edge, the 
specimens were sectioned in the longitudinal direction which is parallel to the direction of fretting movement. The 
surface cracks were observed with an SEM (Scanning Electron Microscope, JEOL JSM5600) or a optical 
microscope (OLYMPUS GX71), and the fretting wear was measured with a profilometer, (SJ-400, Mitutoyo) after 
cleaning with ultrasonic cleansing device.  
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Fig. 1. S-N curve and experimental conditions below the fretting fatigue limit of press-fitted shaft. 
3. Experiment results and discussion  
3.1. Fatigue cracks on the contact surface  
Fig. 2 shows the contact surface of the shaft specimen tested under the loading conditions of Ȝ=1.3 and fatigue 
cycles of 3×107 observed with an SEM. A crack of 500 ȝm in length was observed on the surface of the shaft 
damaged by fretting at the inner side of 80~120 ȝm from the contact edge. Many surface cracks was observed on 
other contact surfaces, mostly about 50~500 ȝm in length at inner side of 50~150 ȝm from the contact edge. The 
surface cracks were semi-elliptical, initiated near the contact edge and developed inwards. The cracks on the contact 
surface were initiated at various points and not interconnected yet, which is the same mechanism [7] as that of the 
fretting fatigue crack of press-fitted shafts above the fretting fatigue limit. A lot of irregularly shaped wear debris 
could be observed on the contact surface.  
Fig. 3 shows the surface of the specimen tested under the conditions of Ȝ=1.3 and fatigue cycle of 1×107,
observed with an SEM. Most of the cracks initiated and propagated from near the edge of the contact. At the contact 
edge, plastic deformation takes places and the contact edge was protruded. The inner region of the contact showed 
rough surface made by fretting wear. On the other contact surface, too, many cracks were generated at inner side of 
about 0~50 ȝm from the contact edge by 30~150 ȝm of length. At fatigue cycle below 5×106, no crack could be 
observed at loading condition Ȝ=1.3. The fretted area increased according to the fatigue cycle.  
In the specimen tested under Ȝ=1.0 and fatigue cycle of 2×107, many fatigue cracks of about 50 ȝm in length was 
observed, and no cracks were observed below 1×107 cycles.
It has been reported [8] that fretting fatigue cracks occur in the initial stage of fatigue life, most of which can be 
considered to be crack propagation process. According to the results of press-fitted shafts tested below the fatigue 
limit, cracks occurred above 1×107 fatigue cycles, while varying a little by the loading condition.  
3.2. Characteristics of the fretting wear on contact surface  
Fig. 4 presents the contact surface change by the wear of contact surface by fatigue cycle under the loading 
condition of Ȝ = 1.3. The change was represented with the average of the roughness of the fretted contact surface, 
measured at the three or more points, about 2 mm inner side from the edge of contact. The wear occurred near the 
contact edge and developed inward according to the fatigue cycle.  
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Fig. 2. Fretting fatigue cracks on the contact surface of shaft for ˨ =1.3, N= 3107 cycles. 

(a) Fretting fatigue crack (X500)

(b) Fretting fatigue crack (X1000)
Fig. 3. Fretting fatigue cracks on the contact surface of shaft for ˨ =1.3, N= 1107 cycles. 
Fig. 5 presents the result of the wear rate according to fatigue cycle, analyzed by 2-dimensional wear area, using the 
measurements of the wear on the contact surfaces. Wear developed rapidly up to the initial phase (N= 5×106) of the 
fatigue cycle, under all the loading conditions below the fatigue limit. It can be explained that the rapid increase of 
wear rate at early stage of fatigue life is due to the wear mechanism during the running-in period between the 
contact faces. In the range of higher fatigue cycles, the rate of wear reduced greatly and was almost constant, 
showing similar trend with that near the fatigue limit [7].  
This phenomenon that the wear rate became constant at the fatigue cycles above a certain level, under the fatigue 
limit, is concerned with the mitigation of the contact pressure as wear developed. Therefore, the reason of the 
fretting fatigue cracks became non-propagating below the fatigue limit was thought to be the decrease of the stress 
distributed around the cracks by wear, which is planned to be verified by further studies on the fatigue cracks taking 
wear into consideration.  
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Fig. 4. Evolution of contact surface profile with the fretting damage 
at ˨ =1.3  
Fig. 5. Relationships between fretting wear and fatigue cycles 
below fretting fatigue limit  
4. Conclusion 
To investigate the fatigue crack initiation and wear characteristics below the fretting fatigue limit of press-fitted 
shafts, fretting fatigue tests were conducted with small scale press-fitted specimens. The specimens were removed at 
preset number of cycle to examine the fretting damage on the contact surface.  
Fretting fatigue cracks were initiated even under the fatigue limit on press-fitted shafts by the fretting. The 
fatigue cracks of press-fitted shafts were initiated from the edge of contact surface and propagated inward in semi-
elliptical shape. They were multiple cracks and interconnected by growing. Fretting wear occurred at the contact 
edge of press-fitted shafts below fatigue limit. The fretting wear generated at the contact edge of press-fitted shafts 
below fatigue limit increased sharply in the initial phase of fatigue cycle, and became almost constant above a 
certain level of fatigue cycle. Therefore, even under the fatigue limit, the fatigue crack nucleation and propagation 
process is strongly related to the evolution of surface profile by fretting wear in the press-fitted structures. 
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